arXiv:hep-th/9808114vl 19 Aug 1998 


HIP-1998-55/TH 
August, 1998 


Vacuum Structure of Softly Broken N = 1 
Supersymmetric QCD 


Masud Chaichian [| and Tatsuo Kobayashi Q 

Department of Physics, High Energy Physics Division 
University of Helsinki 
and 

Helsinki Institute of Physics 
P.O. Box 9 (Siltavuorenpenger 20 C) 
FIN-00014 Helsinki, Finland 


Abstract 

We study softly broken N = 1 supersymmetric QCD with the 
gauge group SU{Nc) and Nf flavors of quark pairs. We investi¬ 
gate vacuum structure of the theory with generic soft supersymmetry 
breaking terms. Trilinear soft breaking terms play an essential role in 
determining vacua. For Nf = Nc + 1, chiral symmetry is broken for a 
sufficiently large magnitude of trilinear couplings, while it is unbroken 
in the case with only soft masses. In the case where appearance of 
trilinear coupling terms is allowed, i.e. for Nj > Nc + 1, we have two 
possible vacua, the trivial and non-trivial ones. Otherwise, we only 
have the non-trivial vacuum, which corresponds to the non-trivial vac¬ 
uum in the Nf > Nc + 1 theory. 
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1 Introduction 


Recently, nonperturbative aspects of iV = 1 supersymmetric (SUSY) QCD 
have been understood Bi- It is very important to extend such analyses 
to non-SUSY QCD and study its nonperturbative aspects, conhnement and 
chiral symmetry breaking. To this end, it is an interesting trial to study 
softly broken N = 1 SUSY QCD. Actually in Refs.0, ^ Y = 1 SUSY 
QCD with soft scalar masses as well as gaugino masses has been discussed 
and interesting results have been obtained. Also softly broken N = 2 SUSY 
QCD has been studied in Ref. 0. In addition, non-supersymmetric QCD is 
recently discussed from the viewpoint of brane dynamics []^. 

In particular, the vacuum structure of Y = 1 SUSY QCD broken by 
adding soft masses has been clarihed for the theory with SU{Nc) gauge 
group and Nf flavors of quark pairs in Ref. 0. For Nf < Nc, there is a 
nontrivial stable vacuum, while there is no vacuum in the SUSY limit [||]. 
For Nf = Nc we can have two nontrivial vacua and there is no trivial vacuum 
as in the SUSY limit. In one vacuum, only the meson helds T develop their 
expectation values (VEVs) and in the other only the baryon helds B and 
B develop their VEVs. Which vacuum is realized depends on the soft mass 
ratio between T and B (B). In both vacua chiral symmetry is broken and 
this situation is the same as the SUSY limit, where we have chiral symmetry 
breaking as well as conhnement. On the other hand, for Yj = Yc + 1 we 
have only the trivial vacuum and chiral symmetry is not broken, while in 
the SUSY limit we have conhnement without chiral symmetry breaking, i.e. 
s-conhnement. For Nf > Y^ + 1, we have only the trivial vacuum and the 
presence of the Seiberg duality is suggested even in SUSY QCD broken by 
soft mass terms. Furthermore, an attempt to relate soft masses between dual 
theories has been done in Reh^]. 

For our purpose it is useful to add all the allowed soft SUSY breaking 
terms. Because we do not know which region of the whole soft SUSY break¬ 
ing parameter space corresponds to the real non-SUSY QCD. However, we 
expect that generic study on softly broken Y = 1 SUSY QCD, i.e. with 
generic soft SUSY breaking terms, can present the real non-SUSY QCD. For 
that purpose, in Ref.[3 softly broken SUSY QCD with generic soft SUSY 
breaking terms has been discussed for Yj > Y^ -|- 1. It has been shown that 
trilinear soft SUSY breaking terms are important to determine a vacuum in 
the dual theory and we have found the nontrivial vacuum for a sufficiently 
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large magnitude of the trilinear coupling. Furthermore, the presence of dual¬ 
ity between non-SUSY theories has been suggested even in the broken phase. 

In this paper, we extend such analyses to the case Nf < + 1, which 

might correspond more to a real world with the SU{3) colour symmetry 
below the GeV scale when studying the confinement region with an effective 
Nf without heavy quarks. Moreover, in this case we obtain conhnement in 
the SUSY limit. We investigate the vacuum structure of softly broken SUSY 
QCD with generic soft SUSY breaking terms. Further, we study relations 
among non-trivial vacua corresponding to different flavour numbers. 

This paper is organized as follows. In the next section, we review the 
vacuum structure of softly broken iV = 1 SQCD for Nf > Nc + 1. Also we 
give a brief review on deformation of the flavour number in the SUSY limit. 
In section 3, we study the vacuum structure of the case with Nf = Nc + I 
and show that the nontrivial vacuum leading to chiral symmetry breaking 
can be realized beside the trivial vacuum with chiral symmetry. In section 
4, we study the vacuum structure of the case with Nf = Nc. We show the 
vacuum structure is the same as the case with only soft masses added, that 
is, we hnd only the nontrivial vacuum. We consider the nontrivial vacuum 
for Nf < Nc relating it to the vacuum structure for Nf = Nc + 1. Section 5 
is devoted to conclusions and discussions. 

2 Nf>Nc + l 

At hrst we give a brief review of softly broken N = 1 supersymmetric QCD 
for Nf > Ai'c + 1. We concentrate on the case with Nc > 3. We consider 
the N = 1 supersymmetric QCD with the gauge symmetry SU{Nc) and Nf 
flavours of quark supermultiplets, Q* and Q^. This theory has the flavour 
symmetry SU{Nf)Q x SU{Nf)Q and no superpotential. In the case with 
Nf > Nc + I, the dual theory is described by the N = 1 SUSY theory with 
the gauge group SU{Nf — Nc), Nf flavours of dual quark pairs % and q\ 
and Nf X Nf singlet meson supermultiplets TJ. The dual theory has the 
same flavour symmetry as the electric theory and the dual theory has the 
superpotential. 
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In the dual theory, all the symmetries except i?-symmetry allow the fol¬ 
lowing soft SUSY breaking terms, 


= -m^trlgl^ - m?tr|gp - m|tr|Tph.c.), (2) 


where g^, g* and Tj denote scalar components of g*, g* and Tj, respectively. 
Also the gaugino mass terms are added. For the kinetic term, we assume the 
canonical form with normalization factors kq and kx for g, g and T. Then 
we write the following scalar potential: 


V (g, g, T) = ^tr(gg^g^g) -|- ^trfgTT'^g^ -|- q^T'^Tq) 
kr kq 

-I- — (trg'^Pg — trgt“g^)^ -|- m^irg'^g -|- m^irgg”^ 

-|- m^trT'^T — {hqiT^q^ + h.c.), (3) 


where the third term is the D-term and g denotes the gauge coupling constant 
of the dual theory. In Ref.|^ it has been shown that the trilinear coupling 
terms hqTq play a crucial role in determining the minimum of the potential. 

We assume h is real. The minimum of potential can be obtained along 
the following diagonal direction , 


( ^(1) 


Q = 


5(2) 


( ^(1) 


Q = 


^(2) 


/ Ti 


T = 


( 1 ) 


T, 


( 2 ) 


0 \ 

^{Nc) / 

0 \ 


T, 




0 \ 


/ 


oy 
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where all the entries, g(j), g(j) and T(j), can be made real. Along the D-flat 
direction, 

m = Q{i) = Xu (7) 

the potential is written as 


V{X,T) 



( 8 ) 


This potential always has the nontrivial vacuum with Xj 7 ^ 0 and T(j) 7 ^ 0 
if 


h > 


2 kg 


( 9 ) 


In addition, we have the nontrivial vacuum with Xj 7 ^ 0 and T(j) 7 ^ 0 for 
a certain region of intermediate values of h, if m^/krp is sufficiently large 
compared with (m^ +m|)/ 2 /cg [^. Otherwise, in particular for a sufficiently 
small value of h we have the trivial vacuum with T = 0 and q = 0. 

Next we give a brief review on deformation of the flavour number |l|. We 

add a mass term of one flavour, e.g. mQ^f Qj^^, in the superpotential of the 
N = 1 supersymmetric QCD, so that one flavour becomes massive and the 
flavour symmetry breaks into SU (X/ — 1)q x SU{Nf — 1)q. That corresponds 

to add the term in the superpotenial of the dual theory, i.e. 


W = . (10) 

If we add only soft scalar masses, we have the following scalar potential, 

V(q,q,T) = -L-£\qi^+S^'S’„mf + X{qTT^q^ + q^T^Tq) 
kr^ ^ kg 

+ — (trg'^t“g — trgf“g'^)^ + m^trg'^g + m?trgg'^ 

+ m^trT'^T. (11) 


In the SUSY limit the dual squark pair develops its VEV, 

Nf- 


( 12 ) 
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Therefore, the gauge symmetry and the flavour symmetry break into SU{Nf — 
Nc — 1) and SU{Nf — 1)^ x SU{Nf — l)g. This breaking takes place even 
in the case with nonvanishing SUSY breaking parameters if SUSY breaking 
parameters are small enough compared with the mass m. Hence, it is obvious 
that through this breaking the trilinear coupling h in the Nf flavour theory 
corresponds to one in the {Nf — 1) flavour theory. 

Now we consider the Nf flavour theory which has the superpotential o 
and the trilinear SUSY breaking term only for the Nf-th flavour 
as well as soft scalar mass terms. Its scalar potential is the same as eq.(|^) 
except for replacing qiT^q^ by qNjT^^q^^■ Thus, if h is large enough, the 
gauge and flavour symmetry are broken as SU{Nc) —>■ SU{Nc — 1) and 
SU{Nf) —>• SU{Nf — 1). Let us compare such scalar potential with the 
scalar potential (^). If we £x , we find that the term hq^fT^^q^f works 
effectively in a way similar to the mass term in the scalar potential 

O. 

3 Nf = Nc+l 

For Nf = Nc + 1, the N = 1 supersymmetric QCD is described in terms of 

{Nc + 1) X {Nc + 1) meson fields Tf and {Nc + 1) baryon fields Bi and B . 
They have the superpotential, 

»' = XiirrWhY-detf). (13) 

The flavour symmetry allows the SUSY breaking trilinear coupling 

h'BiTfB\ (14) 

Thus we consider here the following SUSY breaking terms, 

CsB = -m\ii\B\^-myti\B\^-mlii\T\^+ {h'BiTiW + h.c.). (15) 

The above theory can be obtained from the dual theory with the flavour 
number Yj = Yc + 2 by deforming the flavour number, i.e. by adding the 
mass term ^^e superpotenail (|l|). In the SUSY limit the 
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dual gauge symmetry SU{2) is broken completely and the nonperturbative 
superpotential appears due to instanton contribution, 


1 

/\2Nc-l 


det T, 


( 16 ) 


where detT denotes the determinat of the {Nc + 1) x {Nc + 1) part of T. 
We rescale Bi = qi and Bi = q^. Furthermore, 

SUSY breaking terms for Nf = Nc+2 correspond to those for Nj = Y^ + l 
(|T^ except the (Yc + 2)-th flavour. In particular, the trilinear coupling term 
hqiTjq^ corresponds to h'BiTjB^. 

Here we consider the minimum of the potential. The flavour symmetry 
allows the possibility of the further SUSY breaking term h'rp det T, corre¬ 
sponding to the nonperturbative superpotential ( 0 )- Such possibility can 
be included in the following discussions, as shall be shown later. We assume 
the canonical kinetic terms with the normalization factors ks and for B, 
B and T. We have the scalar potential. 


V = A|^|HiH^'-(det'T)^f+ A|tr(|HT|2 + |HTn 

-|- m^trB^B -h m]^trBB^ + m^trT^T — {h'BiT^B^ + h.c.), (17) 

where At = Xb = and (det' T){ = ddetT/dTj. 

Here we consider the case where the SUSY breaking terms are small compared 
with Xt as well as with Xb- In Ref.|^ the potential with h' = 0 has been 
discussed. In this case we have only the trivial vacuum with B = B = T = 0 
and chiral symmetry is unbroken. 

The minimum of the potentail can be obtained along the diagonal direc¬ 
tion (P). Here we consider the following direction, 

BiW - (det' T){ = 0. (18) 


Along this direction, the hrst term in the scalar potential ([T7|) vanishes. For 
simplicity, we consider the case where 

Bi = B^ = B, T(j) = T, for all i’s, (19) 

and B and T are real. In this case we have the potential, 

^ = 2A|T^=+2 _ -f (m| + m|)T^= + m^T^, (20) 

N c “h 1 
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along the direction ([I8|). Here the direction (p!8D means T > 0. If we add 
the SUSY breaking term h^detT corresponding to the nonperturbative su¬ 
perpotential, we have the extra term That corresponds to only the 

shift, 


h' ^h' + 


( 21 ) 


in the scalar potential (]20|). 

For a sufficiently large value of h' the nontrivial global minimum with 
T 7 ^ 0 can appear. As an example. Figs. 1 and 2 show the potentail (pOD for 
Y, = 3. 



T 

Fig.l: The scalar potential for = 1, = m-g = rriT = 0.1 and 

h' = 0, 0.4 and 0.8. 


7 






T 


Fig.2: The scalar potential for Xb = 1, h' = 0.8 and 
m = rriB = = niT = 0.1, 0.2 and 0.3. 

We have the nontrivial vacuum with nonvanishing B, B and T, i.e. the 
flavour symmetry breaking, if h' is sufficiently large compared with the soft 
scalar masses. Thus, the trilinear coupling term h'BTB plays an important 
role in the chiral symmetry breaking for the case with Nf = N^. + 1 like the 
term hqTq for the case with Nf > N^. + 1. In both cases with Nf = N^. + 1 
and Nf > Nc + 1, the same trilinear term appears to be important. 

Here we give a comment on the case where SUSY breaking terms break 
the flavour symmetry SU{Nf = W + 1) — SU{Nf = Nc). That will be 
useful to understand the case with Nf = Nc- As an example we consider only 
nonvanishing trilinear coupling term In the following 

discussion only the soft mass terms of Hvc+i and T(j) for i 7 ^ W + 1 

are relevant and only these soft mass terms are considered. Now we have 

U = A|^|H,:B^'-(det'T)||2 + A|tr(|:BT|2 + |HT|2) 
ij 

Nc 

+ mB{Nc+l)\BNc+l\^ + 1 ^ 1 ^ 

i=l 

- + h-c.). 
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( 22 ) 




We consider this potential for a fixed valne of which is taken to be 

large enongh here. In addition, we take the case where SUSY breaking terms 
are snfficiently large. If -C A^, we have the potential minimnm 

at i? = 0. The relevant part is expanded near i? = 0: 

U = A|^|(det'T)^|2 + m|^|T|2-(h^detT + h.c.) + ---. (23) 

i,j i=l 

In this case T develops its nonvanishing hnite vacnnm expectation valne, 
which is determined by At and h'j, as well as m'^. On the other hand, if 
mT, A^, we have the potential minimum at B ^ 0 and T = 0. 

4 Nf < Nc 

In Ref. the Nf = Nc and Nf < supersymmetric QCD are broken softly 
by adding soft scalar masses. It has been shown that in both cases with 
Nf = Nc and Nf < Nc we have only the nontrivial vacua leading to the 
chiral symmetry breaking. 

The Nf = Nc supersymmetric QCD can be described in terms of the 
baryon pair B and B and W x W meson helds T/. We have the quantum 
constraint ii. 

BB-detf = A^^'. (24) 

The flavour symmetry allows the SUSY breaking term hsBB, i.e. the mixing 
mass term of B and B. Thus we consider the following SUSY breaking terms 
here. 


CsB = —m%\B\‘^ — m^\B\‘^ — mTtT\T\‘^ + (HeBB + h.c.). (25) 

Following Ref. PI we consider the direction, 

B = -B = N^ Ti^=t/A^. (26) 

Hence, we study the minimum of the potential, 

V = + m'T^Nc\t\'^ - + h.c.), (27) 
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where = (m^+ m'j? = m!r^ j and h'^ = taking 

into account the constraint, 


+ 52 = 1. ( 28 ) 

There are two stable points of the potential. One point corresponds to 6 = 0 
and |t| = 1. The other corresponds to t = 0 and b = ±1, where V takes 
the value V = if h'^ is real. Thus the effect of the SUSY 

breaking term hsBB is the shift 2m'^^ —>• 2m'^^ — 2h'g in determining the 
minimum. Determining the global minimum among the two stable points 
depends on the ratio, r = {2m'^^ — 2h'^)/my^. If r is sufficiently large, the 
vacuum with T = 1 is realized and the flavour symmetry is broken. If r 
is sufficiently small or negative, the vacuum with 6 = 1 is realized and the 
baryon number symmetry is broken. This situation is very similar to the case 
without the SUSY breaking term hsBB. Even without hsBB, we always 
have a nontrivial vacuum with T 7 ^ 0 or 6 7 ^ 0 for the Nf = Nc case with soft 
scalar masses 0. Thus, the SUSY breaking term hsBB is not so important 
as the term h'BTB in the Nf = + 1 case. 

Furthermore, there is the possibility of adding the SUSY breaking term 
hx det T. However, that just leads to the shift h'^ —>• h'^ + hx under the 
constraint (pil) . 

For Nf < Nc the N = 1 supersymmetric QCD has the nonperturbative 
superpotential, 

/ \3N^-Nf \ 

This potential has no stable point for a hnite value of T. However, if we add 
the soft SUSY breaking scalar mass term, 

Bsb = -m|tr|Tp, (30) 

we have a stable vacuum for a hnite value of T as already shown in Ref. [Q]. 
The soft mass terms are all the SUSY breaking terms allowed by the sym¬ 
metries. 

Up to now, we have studied the minimum of the potential in the softly 
broken N = 1 supersymmetric QCD for different havour numbers. It is 
suggestive to compare the theory with different havour numbers. For Nf > 
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Nc + I and iV/ = iVc + 1, it is possible to add the trilinear SUSY breaking 
terms hqTq and h'BTB. Fnrthermore, in this case two types of vacna are 
possible. One is the trivial vacunm with T = 0 and the other is the nontrivial 
vacnnm with T 7 ^ 0 as well as g 7 ^ 0 and S 7 ^ 0. Which vacunm is realized 
depends on the magnitude of trilinear couplings h or h'. If they are large 
enough, the nontrivial vacuum is realized. 

On the other hand, there does not appear such trilinear terms for Nf = 
and Nf < Nc- In this case we always have the nontrivial vacua, i.e. T 7 ^ 0 
or 5 7 ^ 0 for Nf = Nc and T 7 ^ 0 for Y/ < Nc. 

It is interesting to go further in this comparison. For that purpose we 
consider deformation of softly broken N = 1 supersymmetric QCD with 
Nf = Nc + 1 into the theories with Nf = Nc and Nf < Nc- Here we add the 
mass term in the superpotential of the Nf = + 1 theory (^), 

r) + mf ( 31 ) 


In the SUSY limit we obtain the constraint ([^) after we integrate out 
and take m = A. Here we add only the soft scalar masses as SUSY breaking 
terms. Then the corresponding scalar potential is obtained as 


U = A| ^ \BiB^ - (det' T)i + 6^^+^+ A|tr(|HT|2 + \BTf) 
i,j=^ 




Nc 


(32) 


Z=1 


This scalar potential is very similar to eq.(^^ and the term 
works effectively similar to the SUSY breaking trilinear term 
in eg. . Thus the vacuum of the potential (^), which corresponds to the 

Nf = Nc flavour theory in the SUSY limit with large m, corresponds to the 
nontrivual vacuum of the Yj = Yc + 1 flavour theory. Similarly, the vacuum 
of the case with Nf < Nc corresponds to the nontrivial vacuum of the case 
with Nf = Yc + 1 . 


5 Conclusions 

We have studied the broken Y = 1 supersymmetric QCD with all the possible 
SUSY breaking terms. For Nf > Y^ +1 and Nf = Y^ +1, we have two types 
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of vacua, namely one is trivial and the other is nontrivial vacuum. Which 
vacuum is realized depends on the magnitude of the trilinear SUSY breaking 
terms. If we add only the soft mass terms, we have only the trivial vacuum 
and chiral symmetry is unbroken P]. Thus, the trilinear SUSY breaking 
terms are very important in determining the vacuum structure. 

For Nf = Nc and Nf < Nc, we can not have the trilinear SUSY breaking 
term and we always have the nontrivial vacua. 

Reduction of the flavour number is realized by adding a suitable trilinear 
SUSY breaking term. If we have still trilinear SUSY breaking terms for 
massless modes, i.e. for Nf > W + 1, we have the possibility of having the 
trivial vacuum only for the massless modes. Otherwise, i.e. for Nf < Nc, 
we have only nontrivial vacua. The vacua with Nf = Nc and Nf < Nc 
correspond to the nontrivial vacuum of the Nf = Nc + 1 theory with a large 
trilinear coupling for the (W + l)-th flavour. 
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